Introduction {#Sec1}
============

The central goal of the heavy ion experimental program at ultra-relativistic energies is to create a system of deconfined quarks and gluons, known as a quark--gluon plasma (QGP), and to study its properties as it cools down and transitions into a hadron gas. A key tool in the studies of the QGP is the phenomenon of jet quenching \[[@CR1]\], in which the partons produced in hard scatterings lose energy through gluon radiation and elastic scattering in the hot and dense partonic medium \[[@CR2]\]. Since high transverse momentum quarks and gluons fragment into jets of hadrons, one of the observable consequences of parton energy loss is the suppression of the yield of high-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ particles in comparison to their production in proton--proton (pp) collisions. This suppression, studied as a function of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$) of the produced particle, is usually quantified in terms of the nuclear modification factor, defined as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} R_\mathrm {AB}(p_{\mathrm {T}},\eta ) = \frac{1}{\langle \mathrm {T}_\mathrm {AB} \rangle } \frac{\mathrm{d}^2 N^\mathrm {AB} / \mathrm{d}p_{\mathrm {T}} \, \mathrm{d}\eta }{\mathrm{d}^2 \sigma ^{\mathrm {p}\mathrm {p}} / \mathrm{d}p_{\mathrm {T}} \, \mathrm{d}\eta }, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$N^\mathrm {AB}$$\end{document}$ is the particle yield in a collision between nuclear species A and B, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ^{\mathrm {p}\mathrm {p}} $$\end{document}$ is the corresponding cross section in pp collisions, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \mathrm {T}_\mathrm {AB} \rangle $$\end{document}$ is the average nuclear overlap function \[[@CR3]\] in the AB collision (in the case of proton--nucleus collisions, the quantity $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \mathrm {T}_\mathrm {AB} \rangle = \langle \mathrm {T}_\mathrm {pA} \rangle $$\end{document}$ is called average nuclear thickness function). If nuclear collisions behave as incoherent superpositions of nucleon--nucleon collisions, a ratio of unity is expected. Departures from unity are indicative of final-state effects such as parton energy loss, and/or initial-state effects such as modifications of the nuclear parton distribution functions (nPDF) \[[@CR4]\]. The nPDFs are constrained by measurements in lepton--nucleus deep-inelastic scattering (DIS) and Drell--Yan (DY) production of dilepton pairs from $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{q} \overline{\mathrm{q}} $$\end{document}$ annihilation in proton--nucleus collisions \[[@CR5]\]. In the small parton fractional momentum regime ($\documentclass[12pt]{minimal}
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                \begin{document}$$x \lesssim 0.01$$\end{document}$), the nPDFs are found to be suppressed relative to the proton PDFs, a phenomenon commonly referred to as "shadowing" \[[@CR6]\]. At small $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$, where the parton distributions are described theoretically by non-linear evolution equations in $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$, gluon saturation is predicted by the color glass condensate models \[[@CR7]--[@CR9]\]. For the $\documentclass[12pt]{minimal}
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                \begin{document}$$0.02 \lesssim x \lesssim 0.2$$\end{document}$, the nPDFs are enhanced ("antishadowing") relative to the free-nucleon PDFs \[[@CR5]\].

To gain access to the properties of the QGP produced in heavy ion collisions it is necessary to separate the effects directly related to the hot partonic medium from those that are not, referred to as "cold nuclear matter" effects. In particular, nPDF effects are expected to play an important role in the interpretation of nuclear modification factors at the CERN LHC. Unfortunately, the existing nuclear DIS and DY measurements constrain only poorly the gluon distributions over much of the kinematic range of interest. High-$\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ hadron production in proton--nucleus (or deuteron--nucleus) collisions provides a valuable reference for nucleus--nucleus collisions, as it probes initial-state nPDF modifications over a wide kinematic range and is expected to be largely free from the final-state effects that accompany QGP production \[[@CR10]\].

The measurements of the nuclear modification factors of neutral pions and charged hadrons in the most central gold--gold (AuAu) collisions at the relativistic heavy ion collider (RHIC) \[[@CR11]--[@CR14]\] revealed a large suppression at high $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, reaching an $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm {AA}$$\end{document}$ as low as 0.2. In contrast, no such suppression was found at mid-rapidity in deuteron--gold collisions at the same energy \[[@CR15]--[@CR18]\]. These findings established parton energy loss, rather than initial-state effects \[[@CR19]\], as the mechanism responsible for the modifications observed in AuAu collisions.

At the LHC, the charged-particle suppression in lead--lead (PbPb) collisions persists at least up to a $\documentclass[12pt]{minimal}
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                \begin{document}$${\,\text {GeV/}c}$$\end{document}$  \[[@CR20], [@CR21]\]. In proton--lead (pPb) collisions, the ALICE Collaboration reported no significant deviations from unity in the charged-particle $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm {pPb}$$\end{document}$ up to $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \approx 50$$\end{document}$$\documentclass[12pt]{minimal}
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                \begin{document}$${\,\text {GeV/}c}$$\end{document}$  \[[@CR22]\]. The analysis presented here used data from CMS to extend the measurement of the charged-particle $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm {pPb}$$\end{document}$ out to $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \approx 120$$\end{document}$$\documentclass[12pt]{minimal}
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                \begin{document}$${\,\text {GeV/}c}$$\end{document}$, with the aim of evaluating initial-state effects over a kinematic range similar to that explored through measurements in PbPb collisions \[[@CR20]\].

Proton--nucleus collisions have already been used to assess the impact of cold nuclear matter on jet production at the LHC. The transverse momentum balance, azimuthal angle correlations, and pseudorapidity distributions of dijets have been measured as a function of the event activity, and no significant indication of jet quenching was found \[[@CR23]\]. When normalized to unity, the minimum-bias dijet pseudorapidity distributions are found to be consistent with next-to-leading-order (NLO) perturbative quantum chromodynamic (pQCD) calculations only if nPDF modifications are included \[[@CR24]\]. Similarly, inclusive jet $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm {pPb}$$\end{document}$ measurements are also found to be consistent with NLO pQCD predictions that include nPDF modifications \[[@CR25], [@CR26]\]. The measurement of the charged-particle spectra presented in this paper provides a comparison to theory that is sensitive to smaller $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ values than those accessible in the jet measurements. However, it should be noted that the charged-particle $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm {pPb}$$\end{document}$ is dependent upon non-perturbative hadronization effects, some of which, such as gluon fragmentation into charged hadrons, are poorly constrained at the LHC energies \[[@CR27]\].
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ distributions of inclusive charged particles in pPb collisions at a nucleon--nucleon center-of-mass energy of 5.02$\documentclass[12pt]{minimal}
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                \begin{document}$$0.4<p_{\mathrm {T}} <120$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\,\text {GeV/}c}$$\end{document}$. The measurement is performed in several pseudorapidity intervals over $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta _\textsc {cm} |< 1.8$$\end{document}$. Here $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _\textsc {cm} $$\end{document}$ is the pseudorapidity in the proton--nucleon center-of-mass frame. The nuclear modification factor is studied at mid-rapidity, $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} Y_\text {asym}^{(a,b)}(p_{\mathrm {T}}) = \frac{\int _{-b}^{-a}\mathrm{d}\eta _\textsc {cm} \, \mathrm{d}^2 N_\text {ch}(p_{\mathrm {T}}) / \mathrm{d}\eta _\textsc {cm} \, \mathrm{d}p_{\mathrm {T}}}{\int _{a}^{b}\mathrm{d}\eta _\textsc {cm} \, \mathrm{d}^2 N_\text {ch}(p_{\mathrm {T}}) / \mathrm{d}\eta _\textsc {cm} \, \mathrm{d}p_{\mathrm {T}}}, \end{aligned}$$\end{document}$$is presented for three pseudorapidity intervals, where $\documentclass[12pt]{minimal}
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                \begin{document}$$ N_\text {ch}$$\end{document}$ is the yield of charged particles.

Due to their wide kinematic coverage, the measurements are expected to provide information about the nPDFs in both the shadowing and antishadowing regions. In particular, the effects of shadowing are expected to be more prominent at forward pseudorapidities (in the proton-going direction), where smaller $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$ fractions in the nucleus are accessed.

In the absence of other competing effects, shadowing in the Pb nPDFs would result in values of $\documentclass[12pt]{minimal}
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                \begin{document}$$x$$\end{document}$). The effects of antishadowing can be probed with the $\documentclass[12pt]{minimal}
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                \begin{document}$$ 0.02 \lesssim x \lesssim 0.2$$\end{document}$. Antishadowing in the nPDFs may increase the yield of charged particles in pPb collisions compared with expectations from the yield in pp collisions.

Data selection and analysis {#Sec2}
===========================

Experimental setup {#Sec3}
------------------

A detailed description of the CMS detector can be found in Ref. \[[@CR28]\]. The CMS experiment uses a right-handed coordinate system, with the origin at the nominal interaction point (IP) at the center of the detector, and the $\documentclass[12pt]{minimal}
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                \begin{document}$$z$$\end{document}$ axis along the beam direction. The silicon tracker, located within the 3.8 $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {\,T}$$\end{document}$ magnetic field of the superconducting solenoid, is used to reconstruct charged-particle tracks. Consisting of 1440 silicon pixel detector modules and 15,148 silicon strip detector modules, totaling about 10 million silicon strips and 60 million pixels, the silicon tracker measures the tracks of charged particles within the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$${\,\text {GeV/}c}$$\end{document}$. An electromagnetic calorimeter (ECAL) and a hadron calorimeter (HCAL) are also located inside the solenoid. The ECAL consists of more than 75, 000 lead tungstate crystals, arranged in a quasi-projective geometry; the crystals are distributed in a barrel region ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | \approx 3.0$$\end{document}$. The HCAL barrel and endcaps, hadron sampling calorimeters composed of brass and scintillator plates, have an acceptance of $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | \lesssim 3.0$$\end{document}$. The hadron forward calorimeters (HF), consisting of iron with quartz fibers read out by photomultipliers, extend the calorimeter coverage out to $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | = 5.2$$\end{document}$, and are used in offline event selection. Beam Pick-up Timing for the eXperiments (BPTX) devices were used to trigger the detector readout. They are located around the beam pipe at a distance of 175$\documentclass[12pt]{minimal}
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                \begin{document}$$\text {\,m}$$\end{document}$ from the IP on either side, and are designed to provide precise information on the LHC bunch structure and timing of the incoming beams. The detailed Monte Carlo (MC) simulation of the CMS detector response is based on [Geant4]{.smallcaps}  \[[@CR29]\].

This measurement is based on a data sample corresponding to an integrated luminosity of 35$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {nb}^{-1}$$\end{document}$, collected by the CMS experiment in pPb collisions during the 2013 LHC running period. The center-of-mass energy per nucleon pair was $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$ for protons and lead nuclei, respectively. The data were taken with two beam configurations. Initially, the Pb nuclei traveled in the counterclockwise direction, while in the second data-taking period, the beam directions were reversed. Both data sets, the second one being larger by approximately 50 %, were analyzed independently, yielding compatible results. To combine data from the two beam configurations, results from the first data-taking period are reflected along the $\documentclass[12pt]{minimal}
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                \begin{document}$$z$$\end{document}$-axis, so that in the combined analysis, the proton travels in the positive $\documentclass[12pt]{minimal}
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Event selection {#Sec4}
---------------

The CMS online event selection employs a hardware-based level-1 (L1) trigger and a software-based high-level trigger (HLT). A minimum-bias sample is selected first by the L1 requirement of a pPb bunch crossing at the IP (as measured by the BPTX), and an HLT requirement of at least one reconstructed track with $\documentclass[12pt]{minimal}
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In the offline analysis, additional requirements are applied. Events are accepted if they have (i) at least one HF calorimeter tower on both the positive and negative sides of the HF with more than $\documentclass[12pt]{minimal}
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An event-by-event weight factor accounts for correcting the measured charged-particle spectra in pPb collisions to a detector-independent class of collisions termed as "double-sided" (DS) events, which are very similar to those that pass the offline selection described above. A DS event is defined as a collision producing at least one particle in the pseudorapidity range $\documentclass[12pt]{minimal}
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During the pPb data taking period, about 3 % of the recorded events contained more than one pPb collision. To reduce potential bias in the measurements arising from such "pileup", events with multiple reconstructed vertices are removed if the longitudinal distance between the vertices along the beamline is greater than a specific value that is related to the uncertainty of the vertex position. This value is also dependent on the number of tracks associated with each vertex and ranges from 0.2$\documentclass[12pt]{minimal}
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To obtain inclusive particle spectra up to $\documentclass[12pt]{minimal}
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Track reconstruction {#Sec5}
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Charged particles are reconstructed using the standard CMS combinatorial track finder \[[@CR35]\]. The proportion of misreconstructed tracks in the sample is reduced by applying an optimized set of standard tracking-quality selections, as described in Ref. \[[@CR35]\]. A reconstructed track is considered as a primary charged-particle candidate if the statistical significance of the observed distance of closest approach between the track and the reconstructed collision vertex is less than three standard deviations, under the hypothesis that the track originated from this vertex. In case an event has multiple reconstructed collision vertices but is not rejected by the pileup veto, the track distance is evaluated relative to the best reconstructed collision vertex, defined as the one associated with the largest number of tracks, or the one with the lowest $\documentclass[12pt]{minimal}
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The various correction terms are estimated using simulated minimum-bias pPb events from the [hijing]{.smallcaps} event generator. To reduce the statistical uncertainty in the correction factors at high $\documentclass[12pt]{minimal}
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The efficiency of the charged-particle reconstruction as well as the misreconstruction rates are also evaluated using pPb events simulated with [epos]{.smallcaps}. Differences between the two MC models are mostly dominated by the fraction of charged particles consisting of strange and multi-strange baryons that are too short-lived to be reconstructed unless they are produced at very high $\documentclass[12pt]{minimal}
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Finite bin-widths and finite transverse momentum resolution can deform a steeply falling $\documentclass[12pt]{minimal}
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Proton--proton reference spectrum {#Sec6}
---------------------------------

The pPb collisions occur at a center-of-mass energy of 5.02 TeV per nucleon pair. At this collision energy, no proton--proton collisions have been provided by particle accelerators yet. The pp results closest in center-of-mass energy ($\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec7}
========================

A summary of all the contributions to systematic uncertainties in the $\documentclass[12pt]{minimal}
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                \begin{document}$$Y_\text {asym}$$\end{document}$ are given in Table [1](#Tab1){ref-type="table"}. The asterisk symbol is introduced to denote that an interpolated, rather than measured, pp reference spectrum is used to construct the nuclear modification factor. Aside from the uncertainty from the spectra relative normalization and average nuclear thickness, all uncertainties are determined by taking the approximate maximum deviation from the central value found for the given source. For the particle species uncertainty, an asymmetric uncertainty band is quoted because the maximum deviation above the central value of the measurement is much larger than the maximum deviation below. For the purpose of determining the significance of observed features in the measurement, the uncertainties are conservatively treated as following a Gaussian distribution with a root mean square given by the value of the uncertainty as determined above.
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For the forward-backward asymmetry measurements, most of these uncertainties cancel in part or in full when the ratio of the spectra is taken. The remaining uncertainty in the detector acceptance and tracking efficiency can change the shape of the forward-backward asymmetry, particularly at high $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$.Table 1Systematic uncertainties in the measurement of charged-particle spectra, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R^{*}_\mathrm {pPb}$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Y_\text {asym}$$\end{document}$SourceUncertainty (%)Trigger efficiency1.0Momentum resolution1.0Particle species composition1--10.0 (0.5--5)Track misreconstruction rate1.0Track selection1.2--4.0Spectra relative normalization0.0--1.0Trigger bias0.0--4.0Total (spectra)2.2--10.9pp interpolation12.0Total ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R^{*}_\mathrm {pPb}$$\end{document}$)12.2--16.2$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \mathrm {T}_\mathrm {pPb} \rangle $$\end{document}$ average nuclear thickness4.8Total ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Y_\text {asym}\quad 0.3< |\eta _\textsc {cm} | < 0.8 $$\end{document}$)2.0--3.0Total ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Y_\text {asym} \quad 0.8 < |\eta _\textsc {cm} | < 1.3 $$\end{document}$)2.0--5.0Total ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Y_\text {asym} \quad 1.3 < |\eta _\textsc {cm} | < 1.8 $$\end{document}$)2.0--5.0The ranges quoted refer to the variations of the uncertainties as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$. Values in parentheses denote the negative part of the asymmetric uncertainty where applicable. The total uncertainties of the measured pPb and the interpolated pp spectra, as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$, are shown in the lower panel of Fig. [3](#Fig3){ref-type="fig"}

Results {#Sec8}
=======

The measured charged-particle yields in double-sided pPb collisions at $\documentclass[12pt]{minimal}
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The fact that the nuclear modification factor is below unity for $\documentclass[12pt]{minimal}
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In Fig. [5](#Fig5){ref-type="fig"}, the CMS measurement is compared to the result of an NLO pQCD calculation \[[@CR53]\] for charged particles produced at mid-rapidity. The calculation uses the CTEQ10 \[[@CR54]\] free-proton PDF, the EPS09 nPDF \[[@CR4]\], and the fDSS fragmentation functions \[[@CR55]\]. The observed rise of the nuclear modification factor up to $\documentclass[12pt]{minimal}
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An estimate of the significance of this observed rise above unity for $\documentclass[12pt]{minimal}
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Figure [5](#Fig5){ref-type="fig"} also shows the measurement from the ALICE experiment \[[@CR22]\], which is performed in a narrower pseudorapidity range than the CMS one, and uses a different method (NLO scaling) to obtain the pp reference spectrum based on ALICE pp data measured at $\documentclass[12pt]{minimal}
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Figure [6](#Fig6){ref-type="fig"} shows the forward-backward yield asymmetry, $\documentclass[12pt]{minimal}
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